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Human endoplasmic reticulum oxidoreductin 1-o is a
novel predictor for poor prognosis of breast cancer
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Human endoplasmic reticulum oxidoreductin 1-o. (hnERO1-0) is an
oxidizing enzyme that exists in the endoplasmic reticulum and its
expression is augmented under hypoxia. It regulates a redox state
of various kinds of protein through reoxidation of “client” protein
disulfide isomerase. Interestingly, although the expression of
hERO1-a in normal tissues was comparatively limited, various
types of cancer cells expressed it in large amounts. Therefore, we
examined the role of ERO1-a in tumor growth using murine breast
cancer line 4T1 and found that knockdown of murine ERO1-a
inhibited in vivo tumor growth and decreased lung metastasis
compared with wild-type 4T1. Moreover, we investigated the rela-
tionship between expression of hERO1-a and prognosis in breast
cancer patients. Seventy-one patients with breast cancer who
underwent surgery between 2005 and 2006 in Sapporo Medical
University Hospital (Sapporo, Japan) were analyzed in this study.
Significant differences were found between the hERO1-
a-positive group (n = 33) and hERO1-a-negative group (n = 38) in
nuclear grade (P <0.001) and intrinsic subtype (P = 0.021) in
univariate analysis. More importantly, in multivariate analysis of
disease-free survival by Cox regression, expression of hERO1-o
was the only independent prognosis factor (P = 0.035). Finally, in
univariate survival analysis, patients positive for hERO1-o. had
significantly shorter disease-free survival and overall survival than
those patients negative for hERO1-a. These findings indicate that
the expression of hERO1-a in cancer cells is associated with poorer
prognosis and thus can be a prognostic factor for patients with
breast cancer. (Cancer Sci 2013; 104: 1091-1096)

H ypoxia is a physiologically important characteristic that
is present in all tumors. Importantly, tumor hypoxia
exerts a pronounced effect on malignant progression and meta-
static spread of human cancers.” Numerous clinical studies
have shown that tumor hypoxia predicts decreased local con-
trol, increased distant metastases, and decreased overall sur-
vival in a variety of human tumors. Hypoxia has been shown
to select tumors with an augmented malignant Phenotype and
increase the metastatic potential of tumor cells.” It is known
that hypox1c cells are relatively resistant to killing by radia-
tion.* Tn addition, because hypoxic cells are non-proliferating
and relatively isolated from the blood supply, chemotherapies
that target rapidly dividing cells may be less effective for this
population of cells and the delivery of chemotherapy to these
areas may be compromised. Thus, tumor hypoxia correlates
with a more aggressive disease course and limits the effective-
ness of anticancer therapy.! Human endoplasmic reticulum
oxidoreductin 1-o0 (hEROI1-a1) is a hypoxia-inducible endoplasmic
reticulum-resident oxidase that regulates the post-translational
branch of oxidized protein folding.>® It has been 1dent1ﬁed as
a reoxidizer of protein disulfide isomerase (PDI), 78 which
functions as a disulfide- 1ntroducmg enzyme for secretory and
cell-surface molecules in the cell.” Therefore, PDI exists
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mainly as an oxidized form within a cell. Human EROI1-a is
expressed in normoxic cells at very low level. However, it has
been shown that hEROIl-a is 1nduced in hypoxic cells in
response to low oxygen availability.® Importantly, the expres-
sion level of PDI was also shown to be augmented under
hypox1c conditions,'® suggesting that hERO1-a plays a key
role in hypoxic cancer cells in concert with PDI. Although it
has been shown that hERO1-a plays a pivotal role in hypoxia-
inducible factor 1 medlated vascular endothelial growth factor
(VEGF) productlon the role of hERO1-a in in vivo tumor
growth has yet to be elucidated. Many genes associated with
breast cancer metastasis have been reported to be upregulated
under hypoxic conditions, and hypoxic gene 51gnatures are
associated with poor outcome in breast cancer.'

In this study, we investigated the effect of hEROIl-a on
tumor progression using the murine ERO1-a-positive metastatic
murine breast cancer cell line 4T1. We also investigated the
effects of knocking down murine EROI-a with siRNA. We
further investigated the expression of hEROI-a and its clinical
relevance in 71 breast cancer patients with long-term follow-up
by immunohistochemistry. The expression of estrogen receptor
(ER) and nuclear grade were also investigated. We found that a
high expression level of hERO1-a in breast cancer tissues was
associated with nuclear grade status and was an independent
prognostic factor for breast cancer patients after surgery. Thus,
understanding the relationships between hypoxia, hEROI1-a
expression, and tumor growth is crucial for improving current
breast cancer therapies.

Materials and Methods

Cell and cell culture under hypoxic conditions. Murine breast
cancer cell line 4T1 was purchased from ATCC (Manassas,
VA, USA). Cells were cultured in RPMI-1640 (Nissui, Tokyo,
Japan) supplemented with 10% FCS. Short hairpin RNA for
murine ERO1-a (TR502816) was purchased from OriGene
(Rockville, MD, USA) and transfected to 4T1 cells using Lipo-
fectamine RNAiIMAX (Life Technologies, Carlsbad, CA,
USA). The 4T1 cells were cultured under hypoxic conditions
(1% O,, 5% CO,, and 94% N,) for at least 3 days. Cells main-
tained under normoxic conditions (20% O,, 5% CO,, and 75%
N,) were used as controls.

Reverse transcription-PCR analysis. Total RNA was isolated
from cultured cells, breast cancer tissues, and normal breast tis-
sues using Isogen reagent (Nippon Gene, Tokyo, Japan). The
cDNA mixture was synthesized from 1 pg total RNA by
reverse transcription using Superscript III and oligo (dT) primer
(Life Technologies) according to the manufacturer’s protocol.
The PCR amplification was carried out in 50 pL. PCR mixture
containing 1 pL. cDNA mixture, KOD Plus DNA polymerase
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(Toyobo, Osaka, Japan), and 50 pmol primers. The PCR mix-
ture was initially incubated at 92°C for 2 min, followed by 30
cycles of denaturation at 92°C for 1 min, annealing at 62°C for
1 min, and extension at 72°C for 1 min. Primer pairs used for
RT-PCR analysis were 5-GCCCGTTTTATGCTTGATGT-3'
and 5-AACTGGGTATGGTGGCAGAC-3' for human EROI-o.
As an internal control G3PDH was detected by using the
forward primer 5'-ACCACAGTCCATGCCATCAC-3" and the
reverse primer 5'-TCCACCACCCTGTTGCTGTA-3".

Western blot analysis. Cultured cells were washed in ice-cold
PBS, lysed by incubation on ice in a lysis buffer (50 mmol/L
Tris-HCI [pH 8.0], 150 mmol/L NaCl, 1% NP40, protease
inhibitor cocktail; Complete [Roche Diagnostics, Basel,
Switzerland]), and cleared by centrifugation at 21880g for
20 min at 4°C. For blockade of free thiols, cells were pretreat-
ed for 5 min with 10 mM methyl methanethiosulfonate
(Pierce, Rockford, IL, USA) in PBS. Cells were lysed in 1%
NP40 in TBS buffer containing 25 mM HEPES, 100 mM
NaCl, 10 mM CaCl,, and 5 mM MgCl, (pH 7.6) supple-
mented with a protease inhibitor and 5 mM methyl methan-
ethiosulfonate. Post-nuclear supernatants were divided and
heated for 5 min at 95°C in non-reducing or reducing SDS
sample buffer, resolved by 10% SDS-PAGE, and electropho-
retically transferred to PVDF membranes (Immobilon-P; Milli-
pore, Billerica, MA, USA). The membranes were incubated
with blocking buffer (5% non-fat dried milk in PBS) for 1 h at
room temperature then incubated for 60 min with anti-ERO1-a
mAb (Abnova, Taipei, Taiwan), anti-PDI polyclonal antibody
(Enzo Life Sciences, Farmingdale, NY, USA) or mouse anti-[3-
actin mAb AC-15 (Sigma-Aldrich, St. Louis, MO, USA). After
washing three times with wash buffer (0.1% Tween-20 in
PBS), the membranes were reacted with peroxidase-labeled
goat anti-rabbit IgG antibody (KPL, Gaithersburg, MD, USA)
for 2 h. Finally, the signal was visualized using an ECL
detection system (Amersham Life Science, Arlington Heights,
IL, USA) according to the manufacturer’s protocol.

Proliferation assay. A cell proliferation assay based on cleav-
age of the tetrazolium salt WST-1 (DOJINDO, Kumamoto,
Japan) by mitochondrial dehydrogenases in viable cells was car-
ried out according to the manufacturer’s instructions. The cells
were seeded on 96-well microtiter tissue culture plates in 10%
serum at a density of 1 x 10° cells/well. After incubation at
37°C for 24-72 h, WST-1 reagent (10 pL) was added to the
cells and the cells were incubated at 37°C in 96-well microtiter
tissue culture plates for 2 h at 37°C. The amount of formazan
dye produced, which directly correlates to the number of meta-
bolically active cells in culture, was quantified by measuring the
absorbance at a wavelength of 450 nm using a microtiter plate
(ELISA) reader.

In vivo studies. Female BALB/c mice, 5-6 weeks old, were
obtained from the Jackson Laboratory (Bar Harbor, ME, USA)
and used at 6 weeks of age. Mice were maintained in a specific
pathogen-free mouse facility at Sapporo Medical University
(Sapporo, Japan) according to institutional guidelines for animal
use and care. For tumor formation studies, mice were injected
with 1 x 10° 4T1 or ERO1-a knockdown cells into right mam-
mary glands. Tumor length and width were measured with a
caliper. All of the experiments were carried out with five mice
/group. Average tumor diameters on day 42 were statistically
analyzed using the Mann—Whitney U-test. At day 42, numbers
of lung metastases were counted and compared.

Enzyme-linked immunosorbent assay. The 4T1 cells were
plated at 1 x 10* cells/well in flat-bottomed, 96-well plates
for 24 h. Supernatants were diluted and tested for mouse
VEGF-A (R&D Systems, Minneapolis, MN, USA) using a
sandwich ELISA kit. Absorbance was determined at 450 nm.

Patients and immunohistochemical variables for speci-
mens. Tissue samples were obtained from 71 patients
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diagnosed with breast cancer in 2005 at Sapporo Medical
University Hospital. A total of 71 specimens of primary inva-
sive carcinoma were obtained from resected tumors. All of the
specimens used in this study were fixed in neutral 10%
buffered formaldehyde, embedded in paraffin, and cut into
5-um slices. Other background data for the patients are shown
in Table 1. The expression of estrogen receptor (ER), proges-
terone receptor (PgR), human epidermal growth factor receptor
type 2 (HER2), and hERO1l-o was determined immunohisto-
chemically in paraffin-embedded tissue specimens. Monoclonal
Abs against ER, PgR, and HER2 were purchased from DAKO
Japan (Tokyo, Japan). The expression of ER or PgR was des-
ignated as positive when at least 10% of the tumor nuclei
showed positive staining. The expression of HER2 was classi-
fied according to the Hercep Test assay’s scoring system,
which includes four categories, 0, 1+, 2+ and 3+, based on the
intensity and proportion of membrane staining in tumor cells.
Positivity was defined as a HER2 score of 3+ for immuno-
staining or >2-fold increase in HER2 gene amplification, as
determined by FISH. The expression of hERO1-a was desig-
nated as positive when at least 30% of perinuclear staining
within tumor cells was observed. Histological examinations
were carried out on slides with paraffin-embedded samples
stained by H&E according to the criteria of the Japanese
Breast Cancer Society, which are based on the International
Union against Cancer TMN classification criteria.

Statistical analysis. The y’-test and unpaired r-test were used
for analysis of two unpaired samples. Disease-free survival
and overall survival rates after surgical resection were calcu-
lated by the Kaplan—Meier method, and differences in survival
curves were assessed by the log-rank test. The Cox propor-
tional hazards model was used for multivariate analysis. All
analyses were carried out with spss version 18.0 (SPSS Inc.,

Table 1. Background data for patients with breast cancer who
participated in this study (n = 71)

n %

Mean age, years (range) 56 (25-82)
Histological type

Papillotubular 28 39.4

Solid-tubular 7 9.9

Scirrhous 25 35.2

Others 1 15.5
pT

pT1(<2.0 cm) 22 31.0

pT2 (2.0 < 5.0 cm) 43 60.6

pT3 (>5.0 cm) 6 8.4
pN

pN (=) 47 66.2

pN (+) 24 33.8
ER, PgR, HER2 status

ER (+) or PgR (+) and HER2 (-) 42 59.1

ER (+) or PgR (+) and HER2 (+) 10 14.1

ER (—) and PgR (—) and HER2 (+) 1 15.5

ER (-) and PgR () and HER2 (-) 8 11.3
Nuclear grade (NG)

NG1 22 31.0

NG2 27 38.0

NG3 22 31.0
hERO1-a

() 33 46.5

(-) 38 53.5

ER, estrogen receptor; HER2, human epidermal growth factor receptor
type 2; hERO1-0, human endoplasmic reticulum oxidoreductin 1-o;
PgR, progesterone receptor.
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Fig. 1. Expression of human endoplasmic reticulum oxidoreductin
1-00 (hnERO1-2) in human breast cancer cell lines and tissue samples.
(a) Human ERO1-a mRNA levels in MCF7 and HMC1 cells determined by
RT-PCR analysis. (b) Western blot analysis of MCF7 and HMC1 cells.
(c) mRNA expression of hERO1-a in breast cancer tissues (T) and normal
breast tissues (N). (d) Induction of ERO1-a under hypoxic conditions.
Western blot analysis of murine breast cancer cell line 4T1 cultured
under hypoxic conditions for indicated periods (0, 24 and 48 h).
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Fig. 2. Functional analysis after endoplasmic reticulum oxidoreductin
1-o (ERO1-a) knockdown in murine breast cancer 4T1 cells. (a) Estab-
lishment of a murine ERO1-o0 (MERO1-a)-depleted 4T1 cell clone by
shRNA transfection. ERO1-o was decreased significantly according to
Western blot analysis. (b) Cell proliferation was compared by WST-1
assay. Mean + SD from individual experiments with three replicate
assays. Three independent clones were tested and representative data
are shown. SCR, 4T1 cell transfected with short hairpin RNA for scram-
ble control; sh3, 4T1 cell clone transfected with shRNA for mERO1-a.

Chicago IL, USA). A P-value of less than 0.05 was regarded
as statistically significant. All statistical tests were two-sided.

Results

Human ERO1-a expression in breast cancer cell lines and breast
cancer tissues. Expression of hEROIl-a was detected in the
human breast cancer cell line MCF-7 and to a lesser extent in
HMCI1 cells by RT-PCR (Fig. la). Although the expression
level of hERO1-a protein was high in MCF7 cells, the protein
level of hERO1-a was low in HMCI1 cells (Fig. 1b). Interest-
ingly, mRNA of ERO1-a was observed in breast cancer tissues
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Fig. 3. Expression of endoplasmic reticulum oxidoreductin 1-o (ERO1-1)
significantly affects tumor growth and lung metastasis. Female BALB/c
mice (five animals/group) were injected with 1 x 10° murine breast
cancer 4T1 cells (WT), short hairpin RNA for scramble control (SCR), or
ERO1-a knockdown cell (KD) into right mammary glands. At day 42,
numbers of lung metastases were counted. Tumor growth (a) and
lung metastasis (b) of 4T1 (WT), SCR, and KD were compared. Repre-
sentative data are shown of four independent experiments.
*P < 0.005, paired Student’s t-test.
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Fig. 4. Endoplasmic reticulum oxidoreductin 1-o (ERO1-0) regulates
vascular endothelial growth factor-A (VEGF-A) production from
murine breast cancer 4T1 cells. Concentration of VEGF-A in the 24-h
culture supernatant from 4T1 cells transfected with short hairpin RNA
for scramble control (Scr) or 4T1 cells transfected with short hairpin
RNA for mERO1-a (KD) was measured using ELISA. Representative
data are shown of three independent experiments. *P < 0.01, paired
Student’s t-test.

but not in normal mammary gland tissues (Fig. 1c). Notably,
the expression of EROIl-a was augmented in 4T1 cells in
response to hypoxic conditions, suggesting that tumor hypoxia
induces the expression of ERO1-a (Fig. 1d).

Knockdown of ERO1-a by shRNA reduced tumor growth and
metastasis. To further examine the functional role of EROI-a
in breast cancer cells, murine breast cancer cell line 4T1 cells
were transfected with an shRNA vector targeting murine
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Fig. 5. Endoplasmic reticulum oxidoreductin 1-o0 (ERO1-a) forms a

mixed disulfide linkage with protein disulfide isomerase (PDI) and
effects of ERO1-a depletion on the redox status of PDI. Redox status
of ERO1-a and PDI in murine breast cancer 4T1 cells (WT) or ERO1-
a-depleted cells (KD) was examined by Western blotting under reduc-
ing (Red) or non-reducing (NR) conditions. Reduced form (R) or oxi-
dized form (O) of ERO1-a or PDI are indicated. Note that depletion of
ERO1-o decreased the ERO1-0—-PDI complex.

EROIl-a. In 4T1 cells, successful knockdown of murine
EROI-a expression was confirmed by Western blot analysis
(Fig. 2a). The 4T1 cells with downregulation of EROI-o by
shRNA did not show the differences in proliferation assay
compared with WT and control shRNA-transfected cells
(Fig. 2b). In contrast, knockdown of EROI-a caused retarda-
tion of in vivo tumor growth compared with WT 4T1 (Fig. 3a).
The number of lung metastases of ERO1-a knockdown 4T1
cells was also significantly decreased compared with that of
WT cells (Fig. 3b). These results suggested that the expression
of ERO1-a accelerated tumor growth and lung metastasis. To
explore the role of EROIl-o in tumor progression and
augmented metastasis, we compared VEGF-A production from
4T1 cells transfected with short hairpin RNA for scramble
control cells and that from ERO1-o knockdown cells, because
VEGF-A is a homodimer whose proper folding through forma-
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tion of three intramolecular disulfide bonds and two intersub-
unit disulfide bonds is a prerequisite for its function.'*'® We
found that knockdown of ERO1-a decreased the production of
VEGF-A (Fig. 4). These results suggested that tumor hypoxia
drove VEGF-A production from tumor through the function of
EROI1-a. Thus, EROIl-a plays an important role in tumor
growth and metastasis via its upregulation under the condition
of tumor hypoxia.

Endoplasmic reticulum oxidoreductin 1-o forms a mixed
disulfide linkage with PDI. The formation of native protein
disulfide bonds is a critical step in the folding of many secre-
tory and cell-surface proteins. Protein disulfide isomerase
serves as a principal catalyst of thiol-disulfide exchange in the
lumen of the endoplasmic reticulum. Disulfide transfer to the
substrate protein by PDI will result in reduction of the active
site of PDI, which must be reoxidized to carry out further oxi-
dation.” Mixed disulfide complexes between ERO1-a and PDI
have been demonstrated, and these complexes are likely to rep-
resent intermediates in the direct oxidation of PDI by ERO1-a
in vivo."’ Therefore, we examined whether knockdown of
EROIl-a affect the redox status of PDI. Western blot analysis
revealed that the ERO1-0—PDI mixed disulfides migrated with
an apparent molecular mass of approximately 140 kDa under
non-reducing conditions (Fig. 5). Knockdown of EROIl-a in
4T1 cells decreased the ERO1-0—PDI complex, indicating that
depletion of EROl-o decreased the oxidized form of PDI.
These data suggested that depletion of ERO1-a decreased disul-
fide bond formation in VEGF-A, resulting in decreased VEGF-
A secretion. Thus, ERO1-a clearly affects the redox status of
PDI and production of secreted protein including VEGF-A.

Prognostic factors. Next, we examined whether expression of
hEROI1-a had an impact on the clinical course of human breast
cancer. The expression of hEROIl-o was investigated by
immunohistochemistry using anti-ERO1-a mAb. Normal breast
tissues including mammary ducts revealed negative staining
for EROIl-a (Fig. 6a). These results are in good agreement
with RT-PCR analysis (Fig. 1c¢). Thirty-eight cases (53.5%) of
the 71 patients with breast cancer showed negative for
hERO1-a (Fig. 6b). In contrast, perinuclear staining of

Expression of human endoplasmic reticulum oxidoreductin 1-o (hnERO1-0) in normal breast tissue and breast cancer tissue by immunohis-

tochemical analysis. (a) Normal breast tissue (x200). (b) Breast cancer tissue negative for hERO1-a (x200). (¢, d) Perinuclear staining for hERO1-a,
indicating endoplasmic reticulum localization in breast cancer cells (c, x40; d, x200).
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Table 2. Correlations between human endoplasmic reticulum
oxidoreductin 1-o0 (hERO1-a) status and other clinicopathological
factors in patients with breast cancer (n = 71)

hERO1-a (+) hERO1-a (=) P-value
Mean age, years (range) 55.4 + 13.5 588 + 12.6 0.2764
Histological type
Papillotubular 16 12
Solid-tubular 4 3
Scirrhous 9 16
Others 4 7
pT
pT1(<2.0 cm) 10 12 0.8376
pT2 (2.0 < 5.0 cm) 19 23
pT3 (>5.0 cm) 4 3
pN
pN (-) 13 11 0.3535
pN (+) 20 27
ER, PgR, HER2 status
ER (+) or PgR (+) and HER2 (-) 14 28 0.0210
ER (+) or PgR (+) and HER2 (+) 5 5
ER () and PgR (-) 9 2
and HER2 (+)
ER () and PgR (-) 5 3
and HER2 (-)
Nuclear grade (NG)
NG1 9 13 0.0010
NG2 7 20
NG3 17 5
Ly
Ly (+) 19 16 0.1926
Ly (=) 14 22
Vv
V (+) 6 5 0.5600
V() 27 33

ER, estrogen receptor; HER2, human epidermal growth factor receptor
type 2; Ly, lymph node invasion; PgR, progesterone receptor; V, vascu-
lar invasion.

hEROI1-a, indicating endoplasmic reticulum localization, was
found in 33 cases (46.5%) of the 71 patients with breast cancer
(Fig. 6¢,d). Correlations of hERO1-a (+) and hEROl-a (—)
with clinicopathological factors are shown in Table 2. Human
EROl-a (+) type was positively correlated with ER (—)
(P = 0.021) and high nuclear grade (P = 0.001). These results
suggest that hERO1-o (+) type has a more aggressive pheno-
type than that of hEROl-a (—) type in breast cancer. No
association of hEROIl-a (+) type with age, histology, tumor
size, or lymph node metastasis was found.

In univariate survival analysis, patients with hEROI-a (+)
cancer had significantly shorter disease-free survival
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Fig. 7. Kaplan-Meier analysis of disease-free survival (a) and overall
survival (b) for human endoplasmic reticulum oxidoreductin 1-o
(hERO1-a) expression in 71 cases of invasive breast carcinoma.

(P =0.01) (Fig. 7a) and overall survival (P = 0.04) (Fig. 7b)
than did patients with hERO1-o (—) cancer. In multivariate
analysis of disease-free survival by Cox regression analysis,
expression of hERO1-a was the only independent prognostic
factor (Table 3).

Importantly, we observed the intratumoral heterogeneity of
hERO1-a expression, ranging from negative to strong in inten-
sity by immunohistochemistry (Fig. 6¢). It has been shown
that the hypoxic areas were frequently observed within cancer
tissues. As the expression of hEROIl-o is induced under
hypoxia (Fig. 1d), we assumed that cancer cells residing
within hypoxic areas showed augmented expression of
hERO1-a. Thus, the heterogeneity of hEROI-o expression
seems to be attributed to the oxygen and blood supply. The
relationship between hERO1-o and vessel distribution needs to
be investigated.

Table 3. Univariate and multivariate survival analyses in breast cancer patients (n = 71)

Univariate analysis

Multivariate analysis

Relative risk 95% ClI P-value Relative risk 95% ClI P-value
T(>2cm, <2 cm) 0.97 0.30-4.32 0.9602 0.83 0.19-3.34 0.7988
NG (1 + 2, 3) 0.47 0.16-1.47 0.1862 0.80 0.22-3.04 0.7407
LN meta (+, —) 0.87 0.24-2.68 0.8193 0.83 0.19-3.35 0.7988
Ly (+, —) 1.24 0.41-3.85 0.6980 1.44 0.35-5.66 0.6020
V(+, —) 0.44 0.02-2.21 0.3694 0.33 0.02-2.10 0.2640
hERO1-a (+, —) 4.46 1.36-19.90 0.0122 4.13 1.10-20.08 0.0352

Cl, confidence interval; hERO1-a, human endoplasmic reticulum oxidoreduction 1-o; LN meta, lymph node metastasis; Ly, lymph node invasion;

NG, nuclear grade; V, vascular invasion.
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Discussion

In this study, we showed that ERO1-o0 was overexpressed in
the highly metastatic breast cancer cell line 4T1 and in patients
with breast cancer recurrence. Depletion of ERO1-o0 by shRNA
in 4T1 cells inhibited in vivo tumor growth as well as lung
metastasis, suggesting that EROl-o plays a pivotal role in
tumor progression and metastasis. Moreover, a positive corre-
lation was found between hERO1-o expression and recurrence
in breast cancer patients, which is mainly caused by dissocia-
tion of tumor cells from the primary tumor and dissemination
into other sites during tumor progression. Thus, these results
suggested that EROl-a (+) tumor cells were more likely to
invade into the stroma and vasculature and then metastasize to
remote organs, as indicated by the results of knockdown of
EROl-0. We also found an association between hEROI-o
expression and high levels of nuclear grade in clinical speci-
mens, indicating high proliferative activity of tumor cells.
Moreover, we showed that EROIl-a plays a pivotal role in
VEGF production through disulfide bond formation by PDI
within VEGF protein, suggesting that EROI-a affects tumor
growth through angiogenic signaling pathways.'' Most notably,
the fact that the expression of EROIl-o is induced under
hypoxic conditions seems to be beneficial to tumor cells to
overcome such stressful conditions through production of
VEGF-A and other angiogenic factors. These results suggest
that ERO1-a plays a pivotal role in survival of cancer cells at
the tumor origin against hypoxic conditions, as well as acceler-
ating metastasis through production of angiogenic factors
including VEGF-A through disulfide bond formation. In fact,
hERO1-a (+) breast cancer patients showed a higher recur-
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rence rate and more dismal outcome after surgery. All of these
findings indicate that the expression of hEROI1-a is signifi-
cantly related to aggressive phenotype of breast cancer;
hEROI1-a can be a new prognostic marker for breast cancer
after surgery. However, it should be determined how ERO1-a
expression is regulated under hypoxia and within tumor cells
and, more importantly, the precise mechanism for tumor cell
growth should be elucidated.

Until now, there has been no ideal tumor marker with prog-
nostic value. The predictive significance of hERO1-o in breast
cancer could help clinicians identify patients at high risk for
recurrence, and enable clinicians to carry out rational adjuvant
therapy after surgery. Taken together, our results indicate that
hERO1l-o may be a suitable prognostic marker for breast
cancer.

In addition, the potential for targeting hERO1-o in cancer
therapy seems promising, as hEROI-a is overexpressed in
many human cancers but is barely detectable in normal tissues.
Thus, cancer therapy targeting hEROIl-o activity may be a
promising strategy for treatment of various types of cancer.
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